A library of B. thuringiensis ONA has been prepared by using the plasmid pBR322 as a cloning vehicle and E. coli as a host cell. By screening this collection with specific probes, 17 clones were identified whose hybrid plasmids contain rRNA genes of B. thuringiensis. Several of these plasmids have been mapped with restriction endonucleases and by DNA-RNA hybridization. By using maps of overlapping fragments, we have been able to establish an overall map of the ribosomal gene cluster.
INTRODUCTION•-
In-vitro study of Isolated genes is proving to be a useful way to understand differential gene expression. Molecular cloning techniques have helped to overcome previous difficulties in the isolation of specific genes from bulk DNA and appears to be a powerful tool for the study of gene organization and expression (1, 2).
In particular, the sequence organization of ribosomal RNA cistrons has attracted the attention of several Investigators (3). In E. coli, the three ribosomal RNA species (5s, 16s and 23s) originate from a single 30s precursor RNA, which is processed through several steps to yield the mature RNA molecules(4). It has been suggested that specific tRNA genes 1n the spacer region between 16s and 23s Rr.'A genes as well as at the 3' end of the transcript (5) may be involved in processing signals (6) . DNA-RNA hybridization data and structural analysis of recombinant plasmids carrying rRNA genes indicate that there are present seven copies of the rRNA transcription unit per genome, located at discrete sites of the chromosome (7, 8). Several authors have cloned the E. coli genome 1n plasmids to isolate the rRNA genes (9, 10). Characterization of these hybrid plasmids using genetic and biochemical methods has revealed that the genes are very similar but minor heterogeneity can be detected ; the functional role of this heterogeneity (1f any) 1s not understood (8, 11) .
Studies of the ribosomal RNA genes from B. subtHis have already been carried out. It has been known for some time, as a result of saturation hybridization studies, that there are several copies of 16s and 23s rRNA genes per B. subtilis genome (12) . COLLI et ai. (13) showed that 16s rRNA gene is closely linked to 23s rRNA gene and is transcribed first. CHOW and DAVIDSON (14), using partial renaturation of DNA, concluded that each set of 16s and 23s RNA gene 1s separated by spacer DNA, which varies both in size and sequence. Another study has been reported by POTTER et al. (15), using multidimensional restriction analysis of bulk DNA, followed by RNA-DNA hybridization ; they reached similar conclusions about the organization of rRNA genes.
In this report, we describe the identification 1n a bank of 2900 clones of 17 which contain hybrid plasmids carrying B. thuringiensis rDNA. Restriction maps of three of these clones have been established, A comparison of the three enabled us to propose a physical map of the region coding for 5s» 16s and 23s rRNAs, as well as some of their flanking sequences. We find significant differences 1n the gene organization between E. coli and B. thuringiensis. E. coli 5s, 16s and 23s rDNA genes are separated by fairly large spacers (1n which tRNA genes are found) (9, 10, 16), but this is not the case in B. thuringiensis. Little or no spacer DNA can be detected between these genes. Spacer DNA is found between gene sets, but the length of the spacers has not been established.
MATERIALS AND METHODS.-
Bacteria and transformation procedure.-E. coli strain SK1592 (tonA, gj^, thr, sbcB15, endA, hsdR4 hsdH + ) from S. R. KUSHNER was used throughout. B. thuringiensis strain Berliner 1715 was used to prepare bulk DNA and Hbosomal RNA. E. coli was grown in L liquid medium and B. thuringiensis in medium already described (17). E. coli was transformed as described (18) . Plasmid-bearing antibiotic resistant cells were selected on L-agar plates supplemented with antibiotic [Ap (100 gg/ml) or Tc (15 ug/ml)]. Individual clones were grown 1n L medium 1n the presence of 100 pg/ml Ap and stored at -20°C 1n L broth diluted with an equal volume of 85 X (v/v) glycerol.
Preparation of hybrid plasmids.-B. thuringiensis DNA (100 ug/ml in 0.15 M NaCl, 0.015 M Na citrate.
SSC) Isolated from strain Berliner 1715 using a procedure already reported (17) , was sheared at 0°C by six passages through a hypodermic 21 gauge needle, ethanol precipitated and passed through a Sepharose 2B column to separate fragments of 3 to 15 Mdal molecular weight (ascending part of the excluded peak). Plasmid pBR322 (19) was cleaved In the gene coding for the Tc resistance by the restriction enzyme HindiII then phenol extracted and precipitated by ethanol.
Extensions of poly(dA) or poly(dT) were added respectively to the 3'-hydroxyl termini of the B. thuringjensis DNA fragments and of the linearized pBR322 DNA and annealing was performed essentially as described (20) .
Potential biohazards associated with the experiments described in this publication have been reviewed by the French National Control Committee. The appropriate experiments were performed at L^B. level containment.
Isolatioji and analysis of plasmid DNAs.-Plasmid DNA was purified from 1 to 2 1. of culture on hydroxyapatite according to COLMAN et al. (21) . Electrophoresis of the DNA fractions wasVon horizontal 0.6 % agarose slab gels 1n 40 mM Tr1s, 20 mM Na acetate, 2 mM Na EDTA (pH 7.8) for 16 h at 3 v/cm.
Digestions by the restriction enzymes EcoRI, PstI, Hindlll, BamHI and Smal were carried out according to the conditions described by the supplier (Boehringer). Double or triple digestions were performed sequentially. Plasmid DNA was fixed to nitrocellulose membrane filters and hybridization assays were performed under the conditions of DNA excess as described before (22) . Each filter was loaded with 2 ug of DNA.
Radioactive RNA probes.-70s ribosomes from E. coli or B. thuringiensis cells were first purified by centrifugation on sucrose gradients ; the Hbosomal subunits were then dissociated by repeated 5 -20 % (w/v) sucrose gradient centrifugations in 0.1 mM MgCl 2 and the rRNA were prepared by phenol extraction. The 23s, 16s and 5s rRNA from B. thuringiensis were separated by electrophoresis on 2 % agarose slab gel and recovered according to TABAK and FLAVELL (23) by trapping the RNA 1n hydroxyapatite. Transfer RNAs of B. thuringiensis were also prepared by this method.
The different RNA species were labelled In-vitro with [y 32 P)-ATP 32 and T4 polynucleotide kinase as described (24). Freshly prepared [ P] probe had a specific activity of about 5. 10 cpra/ug. Colony hybridization on nitrocellulose filter.-E. coli clones containing rRNA B. thurjngiensis genes were detected by colony hybridization, as described by GRUNSTEIN and HOGNESS (25) . 32 Hybridization reactions were performed with B. thuringiensis [ P]-rRNA (8. 10 cpm) 1n 0.5 ml of mixture containing 40 % formamide and 2 SSC as well as 20 ug E. coli rRNA, at 42°C for 16 -24 hours. Filters were then removed, washed at 42°C for 3 hours with several changes of 2 SSC, dried in air and exposed to X-ray films(Kodirex).
Blotting, hybridization and autoradiography.-The technique used was essentially that described by SOUTHERN (26), using Sartorius nitrocellulose filters and Kodirex films. The 3? concentration of [ P]-RNA 1n the hybridization mixture varied between 0.3 -0.9 ug/ml 1n 2 SSC-50 I formamide. In experiments where separated rRNA probes were used, the other ribosomal RNA species were added In a 2 to 5 fold excess in a unlabelled form as competitors. Hybridization reactions were performed at 42°C and after 20 to 24 hours, filters were washed, RNase treated and then exposed to Kodirex films.
In-v1tro synthesis of complementary RNA from hybrid piasmids.-cRNA was synthesized in 0.1 ml of reaction mixture containing 2 ug of piasmid DNA, 0.5 mM each of ATP, CTP, UTP, 0.1 mM of [a 32 P] GTP (100 uCi), 40 mM Tris-HCl pH 7.9, 10 mM MgCl 2 , 100 mM KC1, 0.1 mM dithiothreitol, 10 gg of bovine serum albumin and 3-5 units of RNA polymerase of B. thuringiensis purified from vegetative cells (17) . After Incubation for 1 hour at 37°C, DNase was added at a final concentration of 10 ug/ml and after 10 min. at 37°C the mixture was phenol extracted and passed through a column of Sephadex G50 in 2 SSC. Fractions containing the cRNA were pooled and used directly for hybridization (specific radioactivities were about 3-6. 10 cpm/ug).
RESULTS.-Identification of hybrid plasmids carrying rRNA genes.-
The plasmid vector pBR322 contains a single H^ndlll site located In the Tc gene and the insertional inactivation of the Tc gene allows identification of inserted recombinant DNA molecules 1n E. coli host cells. B. thuringiensis DNA and the linearized plasmid vector were extended by poly(dA) and poly(dT) respectively and the annealed, but unligated hybrid DNA was used to transform E. coli strain SK1592. Transforraants were selected We screened all of recombinant bacterial clones using the colony filter hybridization technique described 1n Materials and Methods. Probe was 32 B. thuringiensis [ P]-rRNA hybridized in the presence of an excess of unlabelled E. coli rRNA to avoid cross-hybridization between B. thuringiensis rRNA and the rRNA genes of E. coli. Seventeen positive clones were detected In the total collection. Considering the number of ribosomal genes estimated in B. thuringiensis to be about 10 (data not shown), the detection of only 17 positive clones is lower than expected, but 1t may be, because hybridization was carried out 1n presence of competitor E. coli rRNA, that hybridization of the specific probe was significantly reduced. Using the colony bank of CLARKE and CARBON (27) Plasmid DNA was isolated from the strains which were positive by the colony hybridization test and labelled total rRNA was hybridized to purified DNA fixed on nitrocellulose filters. We confirmed that the 17 clones have plasmids containing DNA complementary to rRNA (Table I) hybridize to both probes indicating that they carry parts of both genes.
Restriction mapping of plasnid DNAs purified from three recombinant clones : pBT137, 18-88 and 23-39.-Among the plasmid DNAs harboring part of the ribosoroal RNA genes, we have chosen three of them (pBT137 formely described as pel 137 (29) several homologies in the restriction maps can be detected. In pBT 18-88 and 23-39, the same sequence of four restriction sites has been found : Hindlll -Hindlll -EwRI -SmaI. It will be shown that this sequence is part of the 23s rRNA gene.
To Identify the DNA fragments harboring the ribosomal DNA sequences, the digests were electrophoresed 1n agarose gels, blotted to 32 nitrocellulose filters, hybridized to [ P] labelled rRNA and autoradiographed. In the case of single and some double digestion experiments, hybridization were performed with purified 5s, 16, and 23s species and also, 1n some cases with 4s RNA. In order to reduce artefacts due to cross contamination when separated probes were used, the other RNA species were added in a 2 to 5 fold excess in a unlabelled form as competitors, F1g, 2 shows the results of some experiments to illustrate the patterns obtained. Plasmid pBT 18-88 for instance was cleaved into four fragments by the restriction enzyme Hindi 11 ; the larger fragment does not hybridize to the rRNA probes, while the 1.8 Mdal fragment hybridizes to 23s and 5s rRNA, the 1.3 Mdal fragment especially to the 16s rRNA and the smaller fragment (0.2 Mdal) exclusively to the 23s species. Hybridization was not found between any of these fragments and 4s RNA. It has been verified that the tRNA can readily hybridize to B. thuringiensis DNA under similar conditions. The results of these experiments carried out with plasmid pBT 18-88 are summarized in Table 2 . Experiments were realized 1n the same manner for the two otner recombinant plasmids.
From the data obtained 1t was possible to localize the three ribosomal genes on the different fragments and also to build the restriction map of each plasmid. However, it was not possible to deduce their position accurately nor to estimate the percentage of each fragment which corresponds to a ribosoroal DNA sequence. To obtain more detailed information, labelled cRNA complementary to each plasmid DNA was synthesized in-vitro using RNA polymerase of B. thuringiensis. A nitrocellulose sheet bearing restricted Table 2 . This approach allowed us to study the junction region between 16s and 23s rRNA genes. Consider the 0.4 Mdal fragment generated by double digestion of pBT18-88 by the enzyme Hindlll -Smal it hybridizes with both 32 16s and 23s rRNA probes (Table 2) no Internal spacer or at most a very short one between the 16s and 23s rRNA genes. A similar conclusion can be drawn from the results obtained with pBT137 and 23-39 (data not shown) ; they confirm the absence of significant spacers within the ribosomal RNA sequences.
The data obtained allowed us to localize accurately the ribosomal RNA genes on the three plasmids ; their physical maps are shown 1n Fig, 1 . Plasmid pBT137 contains the entire 16s rRNA gene and a small part of the 23s rRNA gene. Plasraid pBT 23-39 contains only the 23s rRNA gene and the 5s RNA gene whereas plasmid pBT 18-88 carries the entire ribosomal RNA region with flanking sequences. Comparison of the physical maps of the three plasmids shows large horologies In the nature and the order of the restriction sites and In the position of the ribosomal RNA genes. By superimposing these maps, a map of a fragment of B. thuringiensis ONA of 10 Hdal containing the entire ribosomal RNA region can be constructed (Fig. 3 ).
An Interesting piece of information about the flanking regions was obtained by hybridizing [ 
